In rabbit papillary muscle contracting at 20°C in nitrogen at 0.2 Hz, glycolytic ATP formation is just enough to support the diminished contractile activity. Basal Comparison of the normoxic and hypoxic ATP turnover rates led to the conclusion that, whereas contractions continue to an appreciable degree during hypoxia, most of the resting metabolism prevailing during oxygenation must be inhibited when the
muscle is exposed to nitrogen. This suggests that, when ATP supply is low, priority is given to contractile activity over basal processes, which may, for instance, be of importance to maintain cellular integrity. Inhibition of basal processes in hypoxia could therefore be responsible for loss of contractile function and eventually cellular damage found after reoxygenation.
When loss of cellular function caused by hypoxia would indeed result from selective inhibition of some critical ATP dependent process, functional loss will be less when ATP utilization by the high-priority process, that is, contraction, is decreased. Such a situation can be brought about by not stimulating the muscle during the hypoxic period. The critical process, inhibited in the case of the stimulated muscle, may then continue, allowing the muscle to be hypoxic longer with less functional loss.
In the present study, we tested this idea experimentally in rabbit papillary muscle. To assess the degree of functional loss, isometric force production was monitored during reoxygenation of the muscles stimulated or unstimulated during 40 minutes of exposure to nitrogen. For these preparations we compared demand, supply, and utilization of ATP by measuring oxygen consumption, lactate production, and chemical change. Mounted papillary muscle in muscle holder and bath. The ventricular end isfixed in the muscle holder by a pin; the tendon is tied to a thin stainless steel wire that connects the preparation to a force transducer. A clamp is used to fix the muscle at a certain length during mounting and dismounting. Two cannulas are used as inlets for fresh saline and gas, respectively. A third cannula maintains a steady fluid level by suction of excess saline. Stimulus electrodes are built into the muscle holder.
Materials and Methods Preparation
Experiments were performed on papillary muscles dissected from the right ventricle of 45 New Zealand White rabbits weighing between 2.8 and 4.2 kg. Animals were injected intravenously with 150 IU heparin prior to anesthesia. The hearts were rapidly excised and exsanguinated in warm oxygenated saline consisting of (mM) NaCl 128.0, KCl 4.7, MgCl2 1.0, CaCl2 1.4, NaHCO3 20.0, NaH2PO4 0.4, and glucose 11.1 at pH 7.2. The papillary muscles were dissected from the right ventricle at room temperature.
The experimental setup is shown in Figure 1 . The preparation was fixed in a muscle holder by a steel pin through the ventricular end; the tendon was tied by a 0.2-mm steel wire that was clamped in the muscle holder. The muscle holder with the muscle was lowered into a bath filled with oxygenated saline, kept at 200 C, containing (mM) NaCl 128.0, KCI 4.7, MgCl2 1.0, NaH2PO4 0.4, NaHCO3 20.0, CaCI2 2.5, and glucose 11.1 at pH 7.2. The stainless steel wire was hooked to a force transducer (AE801, Aksjeselskapet Mikro-Elektronikk, Horten, Norway), which was mounted on a micrometer screw. Muscles were stimulated with 2-msec pulses at 0.2 Hz. The muscles were stretched to optimal length by stepwise adjustment of the micrometer screw. During this equilibration period, the preparation was superfused with oxygenated saline at a rate of 12.0 ml/hr. The medium in the bath was continuously gassed with a mixture of 95% 02 and 5% CO2 (oxygen). Force was monitored on an oscilloscope and registered on a chart recorder. In protocols for which muscles were contracting during the experimental period, force was sampled at regular intervals at a frequency of 100 Hz by computer for off-line analysis.
Protocols
Once the tension developed during contraction at the optimal length had stabilized, which took about 2 hours, the muscles were used for one of the following protocols. Protocol 1. The clamp (Figure 1 ) was closed, and the muscle holder and muscle were removed from the bath. The muscle was rapidly frozen in Freon cooled in liquid nitrogen and stored at -80°C until analyzed biochemically. Six muscles were subjected to this protocol. Protocol 2. Muscles (n =6) were allowed to contract for 120 minutes at 0.2 Hz in saline gassed with oxygen. The muscle holder with the muscle was removed from the bath. Length and diameter of the muscle were measured under a dissection microscope with a calibrated eyepiece at a x 25 magnification. The muscle was subsequently removed from the muscle holder, dried, and weighed the next day. Protocol 3. Superfusion was stopped, and the saline in the bath was withdrawn and replaced by saline of the same composition but now saturated with 95% N2 and 5% CO2 (nitrogen). The Po2 of nitrogen-saturated saline was found to be below 2 mm Hg. After 40 minutes of hypoxia during which the muscle was continuously stimulated at 0.2 Hz and the saline in the bath was gassed with nitrogen, the muscle was reperfused with oxygenated medium until the developed force became stable. The muscle holder with the muscle was removed from the bath. Muscle length and diameter were measured, as described above, and the muscle was dried and weighed.
To assess whether gassing the saline with nitrogen was effective in blocking oxidative phosphorylation, we added 2.0 mM KCN in 1.5 mM HEPES, pH 7.4, to the saline gassed with nitrogen, in two of five experiments. Protocol 4. For this group (n=5), the protocol was the same as for the previous group, except that the muscles were not stimulated during the hypoxic period. In one of the experiments, 2.0 mM KCN was added to the saline during hypoxia.
Protocol 5. Muscles (n =20) were subjected to hypoxia as in protocol 4. At different moments during the 40-minute hypoxic period, muscles were rapidly frozen in Freon cooled in liquid nitrogen. The muscles were stored at -80°C until used for biochemical analyses. The saline was withdrawn from the bath and stored at -80°C until analyzed. Samples were analyzed for lactate (saline and muscles) and creatine compounds and nucleotides (muscles only).
Protocol 6. Muscles (n =3) stimulated at 0.2 Hz were subjected to hypoxia for 40 minutes to determine lactate formation, as described in the previous 6 .25, for the determination of adenine nucleotides, and to 5.52 mM tetrabutylammonium phosphate, 30.86 mM KH2PO4, pH 5.55, for the determination of creatine compounds. This method separates adenine nucleotides with a lowest detection limit of 1 ,uM. The lowest detection limit for creatine compounds is about 3 ,M. We found the recovery of PCr in the assay to be 103%.
Lactate was determined by a modification of the method described by Lowry and Passonneau.3 The sensitivity of the assay was increased by cycling of the adenine nucleotides in a medium containing 104.0 mM ethanol, 2.3 mM EDTA, 2.3 mM N-(2-hydroxyethyl)piperazine-N'-3-propanesulfonic acid, 130 IU alcohol dehydrogenase, 1.0 mM phenazine ethosulfate, and 0.25 mM dimethylthiazolyl-diphenyltetrazolium bromide. Lactate dehydrogenase (3,800 IU) and glutamate transaminase (1,100 IU) were dialyzed for 48 hours at 40 C against 20 mM sodium phosphate (pH 7.0) and then stored at -20°C until used.
Analysis and Statistics
From the measurements, the following data were obtained: 1) developed force, normalized for crosssectional area (F), 2) time to peak isometric force (TPF), 3) the normalized rate of rise of force development (+F'/F), and 4) the normalized rate of force decline (-F'/F). Metabolites were calculated in micromoles per gram dry weight and expressed as the mean+ SEM. Total creatine was calculated as the sum of PCr and creatine. ATP formed during hypoxia was estimated from the lactate produced using a P/lactate ratio of 1, assuming glucose to be the only substrate metabolized.
Bartlett's test was used to test for homogeneity of variances. Multiple groups were compared by analysis of variance followed by a priori comparisons between pairs of means. 4 Wilcoxon's test was used for comparison of two groups of unrelated data. Differences are considered significant at p<0.05.
Definitions
To avoid ambiguity, the terms ATP supply, ATP demand, ATP utilization, and ATP store require clarification.
ATP supply. The rate of ATP formed through oxidative phosphorylation and glycolysis. It can be determined from the rate of oxygen consumption and the rate of net lactate formation by using a P/O2 ratio of 6.3 and a P/lactate ratio of 1 when glucose is used as the substrate.
ATP demand. The rate of ATP hydrolysis when ATP supply is not limiting. Its value can be obtained from oxygen consumption under fully aerobic conditions (no net lactate is formed then, and no change of the ATP stores occurs).
ATP utilization. The rate of ATP hydrolysis. It can be determined from the rate of net lactate production and the change of the ATP stores.
ATP store. ATP stored in the tissue as PCr and nucleotides.
Results

Mechanics
When a papillary muscle contracting at 0.2 Hz (Figure 2A ) is exposed to nitrogen, force decays rapidly at first and more gradually later during the hypoxic period. When oxygen is reintroduced, force production rises rapidly to values even above control, to decrease thereafter to a level well below that found before hypoxia. When during the hypoxic period the muscle is not stimulated (Figure 2B ), the overshoot in force after reoxygenation is less, and finally, a higher level is maintained.
Because the interpretation of experiments such as those shown in Figure 2 is critically dependent on what would happen to force production if the preparation would not be perturbed by hypoxia, we performed six control experiments to assess the stability of the preparation over 120 minutes. Force production at the beginning of the 120-minute period was taken to be 100%. The result of the control experiments is given in Figure 2 by the dotted line, which represents the force produced on average by the control muscles. At 60 and 120 minutes the SEM is given.
To assess that the exposure to nitrogen was maximally effective, we added 2.0 mM KCN to the saline during the nitrogen exposure in three experiments (two stimulated muscles and one unstimulated muscle). The response of the muscle appeared not to be affected by KCN, suggesting that the muscle was in fact anoxic by nitrogen alone. After 80 minutes of reoxygenation, the stable force level of muscles stimulated during hypoxia was significantly lower than that of controls and of muscles not stimulated during hypoxia (Table 1) . Apart Figure 3 presents the percent changes of these three variables during hypoxia and after reoxygenation. Comparing the final (120 minutes) with the control (0 minutes) value revealed that hypoxia had no long-lasting effects on any of these measures of mechanical performance. There was also no difference between experimental groups at 120 minutes. Figure 3A shows that +F'/F of the muscles stimulated throughout hypoxia became slightly lower during reoxygenation, while less effect was found for the unstimulated muscles. In the latter group, TPF ( Figure 3B ) was also little affected, while a significant difference between the two groups was found shortly after reoxygenation. For -F'/F ( Figure 3C ), no significant difference was found between the groups.
Energetics
We used 20 preparations to determine lactate, nucleotides, and creatine compounds at 10-minute intervals over the 40-minute period of hypoxia. Lactate was measured in the frozen muscles as well as in the saline in which they were bathed during hypoxia. We found the total amount of lactate produced to increase with time of hypoxia. Linear regression analysis was used to assess the rate of lactate formation ( Figure 4) . In Figure 4A, occurs more than three times faster in 0.2-Hzstimulated than in unstimulated muscles. In Figure 4B , the rate of ATP formation in nitrogen by glycolysis is compared with that by oxidative phosphorylation in oxygen for resting muscles and for muscles contracting at 0.2 Hz. Part of the 0.2 Hz data was taken from Mast and Elzinga.' For resting muscles, ATP formation in nitrogen is also much lower than in oxygen, 1.2 and 8.8 ,umol.g-1(dry wt).min-1, respectively.
During hypoxia, PCr and ATP tend to decrease while increases of ADP and AMP occur. If there is no further breakdown of nucleotides to inosine compounds, the total contribution of the cellular ATP stores (see "Materials and Methods") to ATP utilization can be calculated from the decrease in PCr and ATP, and the increase in AMP and inosine monophosphate (IMP).5 Table 2 presents the PCr, ATP, ADP, and AMP of the preparations for welloxygenated muscles and for muscles in nitrogen for The change in the ATP store in the muscle after the exposure to nitrogen can be seen in Figure 5 . The data are presented in comparison to those for the muscles stimulated at 0.2 Hz (taken from Mast and Elzingal). It can be seen that the final depletion of the ATP stores is not different for the two experimental groups.
Discussion
When a rabbit papillary muscle is stimulated for 25 minutes at 0.2 Hz in nitrogen at 200 C, little energy remains available for basal metabolism.' ATP turnover appears to be mostly related to contraction under such conditions. The present study has been designed on the basis of the idea that probably more ATP becomes available for basal metabolism in hypoxia when ATP demand of the contraction-related ATPases would be diminished by keeping the muscle at rest during the hypoxic period. Our results show that, in contrast to our expectation, this appears not to be the case.
During hypoxia, the lactate production of resting muscles was reduced to 35% of the value found in stimulated muscles (Figure 4 ). Assuming that glucose is used by the hypoxic muscle to form lactate, this corresponds to 1.2 ,umol ATPg-l(dry wt)min-l. In fully aerobic muscles, resting metabolism equals 8. ,umol ATP.g'(dry wt).min-' (see Mast and Elzingal).
Therefore, hypoxia causes the basal metabolic rate of quiescent cardiac muscle to drop to 14% of its normal value. The rate may be somewhat higher at the beginning of the hypoxic period because of the contribution of the energy store ( Figure 5 ), but that contribution is very small over the last 10 minutes. The lower lactate production in resting muscles as compared with stimulated ones was unexpected. We have assumed that when the muscle remained at rest, glycolytic rate would have been about the same as in stimulated muscles, thereby making more ATP available for the deprived basal metabolism. This is not the case, because glycolysis in resting muscles is so much lower. It thus appears that basal metabolism is low in hypoxia anyway and that the presence or absence of another ATP-requiring process such as contraction does not alter the degree of depression greatly.
If the low level of basal metabolism found in hypoxia is independent of the presence or absence of contraction, we can calculate the ATP hydrolysis required for force production in hypoxia for the stimulated muscles. The calculation, which does not take into account the free energy change of ATP hydrolysis, is in principle the same as that used for aerobic muscle, for which it is assumed that total oxygen consumption minus the basal oxygen consumption equals contraction-related oxygen consumption. For the muscles stimulated at 0.2 Hz in oxygen, contraction-related oxygen consumption corresponds to 8.6 ,umol ATPUg-l(dry wt).min-1 (see Figure 3A of Mast and Elzingal). In nitrogen, glycolytic ATP formation (basal+contraction related) in stimulated muscles is 4.0 ,mol ATPUg-l(dry wt) min-' and 1.2 ,umol ATPUg`(dry wt).min-1 at rest. Contraction-related ATP hydrolysis over the last 10 minutes of the hypoxic period, when little change occurs in the energy store, is therefore 4.0-1.2=2.8 ,fmol ATPUg-'(dry wt).min-1. Thus, contraction-related ATP turnover at the end of the hypoxic period is (2.8x 100)/8.6=33% of the control value in oxygen. Force production over the last 10 minutes is on average 37%. The result of this calculation suggests that the amount of ATP required to produce a certain force is not changed much during hypoxia. If basal metabolism during hypoxia is not quite the same in resting and contracting muscles, the above calculation may not be quite correct. However, in view of the results shown in Figure 3 , we regard it unlikely that basal metabolism during hypoxia, small as it is, would be much higher or lower in contracting than in resting muscles. Changes in the energetic cost of force production are often related to the speed of contraction.6 If basal metabolism is higher in contracting than in resting muscles, the contractile system would require less ATP to produce force during hypoxia than under aerobic conditions. In that case, a slower contraction pattern might be expected. If, on the other hand, basal metabolism is appreciably lower in contracting than in resting muscles, more ATP would be hydrolyzed to produce force, which would probably be coupled to faster contractions. The +F'/F is unchanged by hypoxia, but TPF decreases by 20% and -F/F increases by 40% ( Figure  3 ). This suggests that the speed of contraction is not affected by hypoxia but that relaxation has become faster. If we assume that the speed of relaxation is primarily a function of the rate of calcium uptake by the sarcoplasmic reticulum, we may infer from these findings that hypoxia increases the speed of calcium uptake but has little effect on crossbridge attachment rate. The ATP normally required for the activation process is about 30% of the total.7 For twitch contractions, it is determined by the amount rather than by the rate of calcium taken up by the sarcoplasmic reticulum. Therefore, the consequences of hypoxia on the relation between force and ATP hydrolysis may well be small. This supports indirectly the conclusion that basal metabolism in stimulated and resting muscles during hypoxia is about the same.
The reason why lactate formation in hypoxia is so much lower in resting than in stimulated muscles is clearly of interest. The large difference between the two groups indicates that the limit is not set by the inherent maximal glycolytic capacity. This suggests that the low glycolytic rate results from inadequate control. Glycolysis is enhanced by inorganic phosphate, ADP, AMP, and citrate, while protons and ATP exert inhibitory effects.8 However, it is not possible to explain the differences in glycolysis between resting and stimulated muscles in hypoxia by the changes one may expect for any of these variables.
Force Recovery and ATP Deficit
Although the cellular processes responsible for the relatively high basal metabolism in the well-oxygenated myocardium are only partially identified,9-11 they are often associated with maintenance of cellular integrity. We therefore hypothesized that a lack of force recovery after reoxygenation might be related to the inhibition of some basal process during the hypoxic period. Because basal metabolism is reduced to less than 15% of its aerobic value in resting as well as in contracting muscles, one would expect the loss of force production after reoxygenation for both to be the same. This is not the case.
After an initial overshoot, higher in the stimulated muscles than in the resting ones, the force level finally reached is significantly lower for the contracting muscles. Force recovery of muscles not stimulated during hypoxia was better ( Figure 2B , Table 1 The larger ATP deficit in the contracting muscles corresponds qualitatively to the greater loss in force after reoxygenation. If a potentially "damaging" factor would accumulate in the myocytes because of contraction, which in hypoxia is not sufficiently removed from the cells because of lack of ATP, a causal relation between loss of force and ATP deficit could exist. This suggestion differs essentially from the idea that hypoxic inhibition of a basal process might be responsible for the loss of force.
Apart from the qualitative correspondence between force loss and ATP deficit, a causal relation between these two is supported by the general argument that there can be little doubt that the immediate consequence of hypoxia is an energetic one. This may trigger a sequence of events leading eventually to the loss of the force-producing capability, including changes in cellular pH, inorganic phosphate, or calcium,13 but the initial change must be a lack of free energy to maintain a critical cellular process or a complex of processes. Particularly under controlled experimental conditions, the events in the sequence may bear a relation to the energy deficit.
